Considering that the hydrocyclone will be affected by internal and external fluid forces in practical work, the numerical simulation method of fluid-structure interaction(FSI) of the hydrocyclone is proposed, and the finite volume method is used in the fluid domain and the finite element method is used in the solid domain. According to the numerical simulation of the flow around a circular cylinder, the magnitude and frequency of fluid flow around the hydrocyclone are obtained. On this basis, the numerical simulation and experimental research of the hydrocyclone are carried out, and the vibration characteristic of the hydrocyclone under the FSI condition is discussed, which the modal frequencies and modes of the hydrocyclone, the structural displacement and stress distribution characteristics of the FSI interface under periodic excitation are obtained. The results of numerical simulation and measured are compared and analyzed. The distribution trend and position of the maximum acceleration values are in good agreement between the measured and numerical simulation. The maximum deformation and the maximum acceleration values position of the hydrocyclone structure which is near the intersection between small conical section and tail pipe, and the structural deformation and maximum acceleration values of the hydrocyclone increase with the increase of inlet velocity. The analysis shows that the FSI model of the hydrocyclone is reasonable. Moreover, the influencing factors of fluid flow around the hydrocyclone should be considered in the future design and application of the hydrocyclone.
I. INTRODUCTION
Hydrocyclones are widely used in the fields of petroleum, mineral and environmental engineering. Usually, the experimental or numerical simulation research on hydrocyclones is carried out for a single structure. But in practice, many hydrocyclones work together in a large container in parallel to improve their processing capacity, as shown in Figure 1 .
When the hydrocyclone operates as a whole, the fluid enters the container chamber through the inlet, then enters the tangential inlet of each hydrocyclone unit separately. The two phases with density difference and immiscibility can be separated under the action of centrifugal force. The low-density fluid with more content is discharged through The associate editor coordinating the review of this manuscript and approving it for publication was Hassen Ouakad . the overflow outlet, while the high-density fluid with more content is discharged through the overflow outlet. However, the fluid will flow around the circular pipe structure of the hydrocyclone in the process of fluid flow from the inlet of the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ container to the tangential inlet of the hydrocyclone, as shown in Figure 2 . The discharge of vortex [1] in the wake will lead to the periodic vibration of hydrocyclone. The vibration will not only oscillate the flow field through the vibration equipment but also make the fluid equipment have potential safety risks. The flow around a circular cylinder is a classical fluid mechanics problem [2] . In the early stage, the lift force and drag force of the flow around a circular cylinder were mainly obtained by experiments. At present, more numerical simulation methods are applied to the study of the flow around a circular cylinder. Bai and Li [3] applied the Fluent software to simulate hydrodynamic characteristics of a cylinder in two-dimensional unsteady uniform cross flow at Reynolds number 200. The numerical simulation aims to study the characteristics of pressure distribution, drag coefficient and lift coefficient. The calculated results are in good agreement with experimental data and other numerical results. Catalano et al. [4] used the large eddy simulation method to simulate the flow around a circular cylinder under super-critical conditions, and studied the feasibility and accuracy of large eddy simulation for complex turbulent wall models with high Reynolds number. Pontaza and Chen [5] used the large eddy simulation method to simulate the three-dimensional flow around a circular cylinder when Re = 1.0 × 10 5 . and the numerical results are in good agreement with those of Dong and Karniadakis [6] .
When the frequency of vortex shedding flow around the circular cylinder is close to the natural frequency of the structure, the structure will have vortex-induced vibration [7] , [8] . At this time, the vortex-induced lift force increases sharply, leading to a strong vibration of the circular cylinder. The influence of vortex-induced vibration on a structure is also an important problem that most scholars pay attention to. For example, literature [9] , [10] has carried out in-depth research on vortex-induced vibration, and obtained some very beneficial results.
There are few related pieces of research on fluid mechanics under external excitation conditions, especially considering the structural vibration analysis of fluid equipment under external excitation and internal fluid coupling. At present, more attention is paid to the structural vibration characteristics and safety stability under external excitation [11] , [12] . Considering fluid-structure interaction(FSI) vibration, it is common to study thin cylindrical shells and pipe flows. The purpose is to obtain structural vibration characteristics under the interaction of structure and internal fluid and to provide the basis for safe and stable operation design of equipment [17] , [18] .
The experimental and numerical simulation studies on the hydrocyclone rarely consider the influence of fluid-structure interaction on the internal flow field. More experimental tests and numerical simulation studies mainly focus on the influence of structural parameters on work performance [19] ; the flow law of internal flow field is obtained by flow field test [20] ; numerical simulation of a hydrocyclone is carried out by using different turbulence models in order to obtain a more detailed internal flow field law, it provides a basis for improving the performance of its work [21] - [23] .
Many scholars have carried out a lot of research and analysis work on fluid equipment, especially in the safe operation and reliable design of structures, and have made many valuable achievements. But for hydrocyclones, the concern is not only the reliability of their operation but also the influence of the structure of hydrocyclones on their internal flow field and working performance under the coupling action of internal fluid and external excitation. When the hydrocyclone is running, it is inevitable that the structural vibration will be affected by the internal fluid and the external working environment. The influence of vibration on the performance and safe operation of hydrocyclones is seldom considered in the research of hydrocyclones. Therefore, the study of structural vibration characteristics of hydrocyclones under external excitation can provide a basis and guarantee for the structural design and safe and reliable operation of hydrocyclones.
The purpose of this paper is to present a method for analyzing structural motion characteristics of hydrocyclones under external excitation and internal fluid coupling. Firstly, the frequency of vortex shedding and the lift force value of the hydrocyclone are determined by the numerical simulation method of the flow around a circular cylinder. On this basis, the periodic force function is obtained, and the numerical simulation and experimental test of the hydrocyclone under periodic excitation are further carried out, to obtain the structural vibration law and motion characteristics of the hydrocyclone.
II. NUMERICAL CALCULATION METHOD OF THE HYDROCYCLONE A. THE SIMPLIFIED MODEL OF FLUID-SOLID COUPLING MECHANICS FOR THE HYDROCYCLONE
The main part of the research object is a variable diameter circular pipe structure. The main diameter of the hydrocyclone is 28 mm, the large cone angle and the small cone angle are 20 degrees and 1.5 degrees, respectively, and the tail pipe length is 570 mm. The material of solid domain is stainless steel, the wall thickness of the pipe is 3mm, the density is 7.9 × 10 3 kg/m 3 , modulus of elasticity is 206GPa, and the Poisson's ratio is 0.3. The fluid domain uses water as the flow medium, the density is 998.2 kg/m 3 , the viscosity of water is 1.0mPa · s.
The cross-section of the circular pipe at both ends of the hydrocyclone is fixed, and the structure of the hydrocyclone is the FSI system with the fluid in the pipe. The mechanical model structure is shown in Fig. 3 (a) and the excitation mode and position are shown in Fig. 3(b) . 
where φ is a large scale quantity and φ is a small scale quantity.
The large scale quantity after filtering is
where G(x i ) is the filter function and f is the sub-lattice component. When the fluid is in-compressible, the filtered N-S equation is obtained.
where τ ij is the sub-grid stress, which can be expressed as
The sub-grid stress reflects the influence of small scale quantities on large scale structures, which cannot be obtained by directly solving the differential equation, but must be modeled. Smagorinsky-Lilly model is adopted here.
where S ij = (S ij S ij ) 1 / 2 ,S ij is the strain rate tensor, L s is the mixing length of the sub-grid scale. Its expression is
where κ is the Karman constant; s is the distance between the cell and the nearest wall; V is the cell volume; C s is the Smagorinsky constant, where C s = 0.1 is taken.
C. DISCRETE METHOD OF GOVERNING EQUATION AND BOUNDARY CONDITION OF THE FLOW FIELD
The finite volume method is used for the discretization of the flow field control equation in the hydrocyclone. The pressurevelocity coupling method adopts the PISO proximity correction method and the convection interpolation method uses Second-Order Upwind with convergence accuracy of 1 × 10 −5 .
The structure of the hydrocyclone has two inlets and two outlets, and the inlet adopts the form of velocity inlet. The average inlet velocity can be calculated according to specific working conditions, and the unit is m/s. The outlet is an overflow outlet and underflow outlet respectively. It is treated as free outflow, and the proportional coefficient of outflow is determined.
III. STRUCTURAL DYNAMICS EQUATION AND FSI INTERFACE EQUATION OF THE HYDROCYCLONE A. STRUCTURAL DYNAMIC EQUATION OF THE HYDROCYCLONE
The finite element method is used for the structure of the hydrocyclone. Considering the interaction of internal and external forces, the motion equation of the structure can be expressed as follows.
where, [M ] is mass matrix;
[C] is damping matrix;
[K ] is stiffness matrix; F f is the load of the fluid on the structure; {F o sin (2πf )} is external periodic excitation; f is frequency of external periodic excitation; {δ} , δ , δ are displacement vector, velocity vector and acceleration vector, respectively.
The Newmark integration method is used for the dynamic equation of the hydrocyclone structure.
It is assumed that the response during the 0-t period is calculated, and the displacement, velocity, and acceleration at time t = 0 are known. The time is divided into k equivalents, so the step size is t = t k . As can be seen from equation (7), at a time t + t:
The velocity vector at time t + t from the Lagrange median theorem can be expressed as.
where δ is the acceleration vector value at a certain time in the interval [t, t + t].
Therefore, it can be further assumed
Substituting equation (10) into (9) .
where 0 ≤ θ ≤ 1, then by the Taylor expansion of the displacement, and the assumption of using equation (10) is
where 0 ≤ 2β ≤ 1, the expression of δ (1 + t) can be obtained from equation (12).
The structural displacement vector {δ (t + t)} equation of time t + t can be obtained by combining the formulas (11), (12) and (13) . When the calculated results are substituted into the equations (11) and (13), δ (t + t) and
δ (t + t) can be obtained. When θ ≥ 0.5, β ≥ 0.25(0.5 + θ 2 ), the solution of Newmark method is unconditionally stability.
B. THE FSI INTERFACE EQUATION OF THE HYDROCYCLONE
The interaction between the fluid and the structure is considered, that is, the influence of the pressure change of the fluid on the structural stress and displacement distribution, and the disturbance of the internal vibration caused by the structural vibration also affects the distribution of the fluid pressure. The relationship between fluid and structural interface force and displacement in the hydrocyclone is shown in Fig. 4 .The calculation method of the staggered iteration is used for the FSI calculation. The characteristics are that the fluid domain and the structure domain are integrated into the time domain by the application of their respective solution methods, and the response of the FSI is promoted in a time interlaced way. In this way, the fluid domain and the solid domain can be calculated by different operators, such as the finite volume method(Fluent software) in the fluid domain, and the finite element method (Ansys FEM software) in the solid domain. To reflect the movement and deformation characteristics of the hydrocyclone boundary, the arbitrary Lagrange-Euler method (ALE) is used to solve the fluid equation at the hydrocyclone boundary.
Here, regardless of the temperature change of the fluid in the hydrocyclone, it is necessary to satisfy the equal force and displacement at the interface between the fluid and the solid.
τ f · n f = τ s · n s (14) s f = s s (15) Here, τ f , τ s -τ f and τ s is interface stress of fluid and solid, respectively. N ; s f , s s − s f and s s are interface displacement of fluid and solid (m), respectively. m;
IV. CALCULATION AND ANALYSIS OF FLOW AROUND THE HYDROCYCLONE
The purpose of calculation and analysis of the flow around the hydrocyclone is to obtain the frequency and excitation force value of the external excitation force of the hydrocyclone during the vibration test.
A. THE COMPUTATIONAL MODEL OF FLOW AROUND
The fluid flows from the top of the container, assuming that three hydrocyclones are flowing around. The structure is 115mm away from the entrance, and the flow direction is about 500 mm in length and 300 mm in width. The fluid flows through the middle part of the small cone section. The specific meshing is shown in Figure 5 . The total number of meshes is about 120,000(fluid domain). In this paper, the velocity inlet forms of the hydrocyclone in 6.82 m/s, 8.17 m/s and 10.2 m/s are studied. The fluid medium is water, and the outlet is free outflow. 
2) LAW OF FLOW AROUND
x After calculating the stability of the three working conditions, the drag coefficient and the lift coefficient are sinusoidal. The frequency of the drag coefficient is greater than the frequency of the lift coefficient oscillation, and the drag and lift coefficients increase with the increase of Reynolds number.
y The lift coefficients oscillate between positive and negative values, while the drag coefficients are all greater than 0. This indicates that the structure of hydrocyclones not only have longitudinal motion consistent with the direction of flow velocity but also accompany with lateral motion perpendicular to the direction of flow. Under different Reynolds number, the maximum drag coefficient is less than the maximum lift coefficient, at the same time, we can see that the drag coefficient of amplitude change is small, the calculation of several cases about 0.3 or so. This shows that the structure is much less affected by the fluid drag force than the lift force, the drag force is approximately constant, while the lift force is an alternating load.
z From the curves of the self-power spectrum of lift force, it can be seen that the self-power spectrum has an obvious peak value, which is the fluctuating frequency of lift coefficient, that is, the discharge frequency of vortex. It can be seen from the graph that both the power spectral density and the discharge frequency of vortex increase with the increase of Reynolds number.
3) CALCULATION OF LIFT FORCE
The lift force is calculated as
where, ρ is the density of the fluid, C l is lift coefficient of flow around, U is the Relative velocity of the fluid, f l is pulsating frequency of lift force, A is the projection area of the liquid flow acting on the pipe. Since the direction of the drag force acting on the structure of the hydrocyclone is constant and the magnitude of the change is small, the effect of the drag force on the structure of the hydrocyclone is ignored here, and only the effect of the lift on the structure is considered.
V. ANALYSIS OF THE MOTION CHARACTERISTICS OF THE HYDROCYCLONE A. MODAL ANALYSIS OF THE HYDROCYCLONE STRUCTURE
In practical applications, hydrocyclones are usually made of metal materials. To study the response characteristics of the structure, modal analysis of the structure of metal materials should be carried out to determine the natural frequency of the structure, to determine whether the resonance of the structure under external excitation will lead to the hidden danger of the safe operation of the hydrocyclone. The test instrument applies the 24 channel SCADAS Mobile data acquisition system of Belgium LMS company and LMS Test. Lab testing and analysis software are used. The sensor uses PCB and ICP accelerometer, and the sensitivity is 100 mV/g and 1000mV/g, respectively. The sampling frequency range is 0-500Hz, and the frequency resolution precision is 0.5Hz. The modal test and analysis of the hydrocyclone were carried out under the conditions of inlet velocity of 6.82 m/s, 8.17 m/s and 10.20 m/s respectively. It is found that the firstorder natural frequency of the hydrocyclone under the test conditions is more than 50Hz, while the maximum vortex discharge frequency is less than 30Hz according to the above flow around analysis. It can be seen that the frequency locking phenomenon will not occur within the range of Reynolds number tested, which will not cause a large vibration of the hydrocyclone structure. Fig.11-16 are the first-order modal diagrams of hydrocyclones with inlet velocities of 6.82 m/s, 8.17 m/s and 10.20 m/s, respectively. It can be seen from the figure that the first-order natural frequencies of the measured and numerical simulations decrease with the increase of the inlet velocity. The specific data is shown in Table 2 . When the inlet velocity is low, the measured and simulated frequencies are close, but when the inlet velocity is 10.20m/s, the error is large, the maximum is 14.59%.
B. STRUCTURAL DEFORMATION ANALYSIS UNDER THE COUPLING EFFECT OF PERIODIC EXCITATION
When the inlet velocity is small, the structure of the hydrocyclone is subjected to less force of fluid flow, so the structural deformation analysis under the condition of a higher inlet of the hydrocyclone is mainly carried out. FIG.17 shows the deformation trend diagram of the hydrocyclone under the interaction between fluid and structure under periodic excitation when the inlet velocity is 8.17m/s and 10.20m/s respectively. As can be seen from the figure, the maximum deformation position of the structure is the central part of the hydrocyclone structure, which is near the intersection between the small conical section and tail pipe. And the larger the inlet velocity, the larger the deformation of the hydrocyclone structure and the maximum deformation values under the condition of inlet velocity of 8.17m/s and 10.20m/s are 0.021mm and 0.32mm respectively. Fig. 18 shows the distribution of equivalent stress at the interface of hydrocyclone under periodic excitation at inlet velocities of 8.17m/s and 10.20m/s, respectively. It can be seen from the figure that the maximum structural stress at the fixed support position of the swirling chamber is 2.57MPa and 3.96Mpa, respectively.
C. INTERFACE STRESS DISTRIBUTION UNDER FSI ACTION

VI. MEASUREMENT AND ANALYSIS OF STRUCTURAL VIBRATION OF THE HYDROCYCLONE UNDER PERIODIC EXCITATION
Based on the modal test, a periodic force shock device is added. As shown in Fig. 19 , the magnitude and frequency of the force obtained by numerical simulation are applied to the responsible position of the structure. The excitation force is applied by controlling the vibration exciter by sweeping a frequency signal source to achieve the output of excitation force and frequency. The response values of the hydrocyclone under the combined action of exciting force and fluid are measured synchronously at 8 measuring points of the hydrocyclone structure. The measured response values are compared with the numerical simulation. Table 3 shows the maximum acceleration values measured and simulated in X and Y axes at 8.17m/s and 10.20m/s of inlet velocities. S and T represent numerical simulation and experiment respectively. X and Y represent numerical axes respectively. After a comparative analysis, it can be concluded that:
(1) The results of numerical simulation and measurement in the direction of the Y-axis are slightly larger than those in the direction of the X-axis, which is mainly the result that the direction of the excitation force is consistent with that in the direction of the Y-axis.
(2) the measured and simulated results of the two inlet velocities have a similar trend with the change of position, and the trend is the same as that of the first-order vibration mode of the hydrocyclone. The maximum acceleration is measured at 4 points, and the values at both ends are small.
(3) The measured acceleration of both constraint positions is lower, which is the result of the constraint, but the measured result is higher than the simulation result, which is caused by the fixed constraints of both ends in the numerical calculation, and the tiny relative motion of both ends in the experiment.
(4) Both the measured and numerical simulation results have a high response at the four measuring points. The maximum values of the simulation are 0.42m/s2 and 0.96m/s2 at the two kinds of inlet velocities, which are 0.03 m/s2 and 0.12m/s2 higher than the measured results respectively. The relative errors are 7.89% and 14.28% respectively.
The above comparative analysis shows that the results of the test and numerical simulation are similar to the change of position. Except for the large error between the measured and numerical simulation results at measuring points 1 and 8, the results at other points are similar, indicating that the numerical method is reasonable and the analysis results obtained by numerical simulation are reasonable.
VII. CONCLUSION
(1) A numerical analysis method for fluid-structure interaction of hydrocyclones under external periodic excitation is proposed. 
